Screening of sorghum genotypes for resistance to damage caused by the stem borer Chilo partellus (Swinhoe). Spanish J. Agric. Res., 2007, 5(1), 79-81. 20. Mane et al., 2008. ACKNOWLEDGEMENTS. We are thankful to Directorate of Sorgum research, Rajendranagar, Hyderabad, Telangana state for providing seed material for conducting this research work and providing information on various genotypes which were used in research. Several burrow morphological features of crab Ocypode ceratophthalma including burrow diameter, orientation, inclination, branching and volume were studied from Chandipur, a sedimentologically and biologically diverse beach on the eastern Indian coast. Burrow morphologies (e.g. I, J, Y) were independent of their positions with respect to the coast line. In addition, no correlation between burrow morphology and burrow diameter was observed; however, diameter of burrow appeared to be a good proxy of the total amount of sediment excavated. Burrow diameters are significantly smaller in the foreshore compared to that of the backshore, suggesting that larger individuals reside along the backshore, where they excavate deeper and large-diameter burrows to minimize chances of desiccation. Smaller burrows are more or less vertical, whereas larger burrows are inclined towards the land, probably to stabilize their domicile from tidal activities, as well as to minimize energy required to excavate sediments. All these suggest that different types of abiotic factors determine the Ocypode burrow morphology and their habitat segregation.
THE semi-terrestrial, burrowing crabs of the family Ocypodidae are most common along almost all the tropical and subtropical coastlines of the world 1, 2 . Among them, ghost crabs of the genus Ocypode 3 are common members of sandy beaches all over the world. They live across a wide range of coastal zones and make characteristic burrows 1, 2, 4, 5 . Burrows made by these crabs mainly act as shelters from natural environmental stress, a refuge from both aerial and terrestrial predators, as well as a place for reproduction and moulting 6, 7 . The most characteristic feature of burrows produced by Ocypode spp. is that their burrows are morphologically diverse and vary from simply straight, unbranched, I-shaped burrows grading to more complex, gently curved and branched U, V, and Y-shaped ones to multi-branched, spiral burrows 2, [8] [9] [10] [11] [12] . Moreover, burrow morphology of these ghost crabs does not vary with sex 8, 13 . Secondly, the spatial distribution of these different types of burrows along the sandy, coastal beaches is non-random depending on burrow diameter, vertical depth, length and orientation. Their complexity increases from the foreshore to the backshore region 5, 8, 9, 12, 13 . These large arrays of burrow morphologies produced by members of the family Ocypodidae are speciesspecific 2, 7, 8, 11 , although they may also depend upon several abiotic/environmental factors, such as geography and geomorphology (slope, vegetation cover, salinity, groundwater table and tidal cycle) and substrate properties (compactness and composition) 5, [13] [14] [15] [16] [17] . Other biological factors, like size and ontogeny, can also affect the overall morphology of these burrows 5, 8, 14, 15 . Unfortunately, to-date, there is no consensus regarding the major causes influencing the three-dimensional morphology of Ocypode crab burrows. Although there are plenty of studies on burrow morphologies, no studies have yet studied the energetics of the burrow excavation as a potential factor influencing the burrow morphology, at least for the ghost crabs. In the present study, we collected data of Ocypode crab burrow morphologies from Chandipur, the eastern part of India to identify the nature of morphological complexity (diameters, inclinations, orientation, length and depth, and three-dimensional morphology) and interpret how the burrow morphology is affected by several abiotic factors at Chandipur coast.
The present study was conducted at Chandipur (212745.17N, 87321.57E) near the confluence of the river Burahbalang with the Bay of Bengal (Figure 1 ). The coastal area of Chandipur is characterized by a wide (~4 km) intertidal flat with a narrow (~70 m), sandy beach. The ocean-facing, gently inclined intertidal siliciclastic mudflat (seaward slope is 1-3) has a mesotidal setting with semidiurnal tides (tidal range is from 1.87 m to 4.89 m) 18, 19 . Landward of the flat, is a narrow sandy beach, about 3 km long. The foreshore region of the beach extends from the tidal flat up to the landward limit of wave propagation (Figure 1 ). The average width of this foreshore region is ~20 m and the slope is about 5-6. Behind the foreshore, up to the Aeolian supersurface, the backshore has an average width of 30-35 m (with a seaward slope near 6-8).
The beach region of Chandipur is infested with numerous burrows made by Ocypode ceratophthalma (Pallas, 1772). Along with it, a rich ecosystem is represented by high ecological interactions on diverse and abundant molluscan assemblages [20] [21] [22] [23] [24] . This high biodiversity is probably because of the rich food supply from the nearby Burahbalang river. Other than food, the low turbulence of water and tide-dominated coastal system also support the high crab density. Mainly because of these factors, but together with an appropriate range of water temperature (average temperature varies from 22.2 to 32.6) and salinity (32.25-27 .30‰) (ref. 25) , Ocypode crabs are found throughout the beach-barrier bar-mangrovedominated system at Chandipur.
The morphologies of crab burrows differ mainly in diameter, orientation, angle of inclination, depth, complexity and volume. At Chandipur, selected morphological data were collected near a forest bungalow (Figure 1 ). Because anthropogenic activities can influence the behaviour of these crabs 13, 26, 27 , our study area was selected to be at least one km away from the tourist-populated beach area of Chandipur. For each burrow, three types of measurements were taken: (1) burrow diameter, (2) orientation of burrow shafts, i.e. the angle between the horizontal projection of the burrow and the north direction, to get idea on the orientation of the burrows with respect to the shoreline 13 and (3) inclination of burrow ( ), i.e. the angle between the burrow and its horizontal projection (more the inclination, the more it is vertical).
In addition, 12 burrows along the beach were cast using bee-wax (see ref. 13 ). This wax is used for casting because of its easy availability, low cost and easy recyclability. The hard wax was melted into liquid wax by heating in a fire oven. This molten wax was poured into selected burrows. The burrow casts were carefully taken out after hardening of the wax. Each burrow cast was washed, cleaned and photographed. Along with it, several burrow-related data were collected: (1) three-dimensional morphology, i.e. shape, (2) location of the burrow (foreshore versus backshore), (3) burrow diameter measured at the surface where it is exposed, (4) burrow volume, (5) curved length, (6) maximum depth and (7) depth of horizontal shaft (i.e. depth after which the burrow shaft becomes sub-horizontal), along with orientation. Burrows covering the entire range of diameter located at the foreshore and backshore beach were chosen for casting (Table 1) . Along with it, a general observation was made to document the nature of the substrate, and the variation in the moisture content of the sediment with depth. Moreover, video graphics observation was recorded to document the overall burrowing processes (Supplementary video S1). Finally, we conducted several statistical analyses to understand the nature and behaviour of the ghost crabs at Chandipur. If burrow diameters are dependent upon several biotic and abiotic variables, burrow diameters at different positions of the beach should be significantly different (null hypothesis); an idea tested using a t-test with a significance level of  = 0.05. Similarly, if burrow morphology is a function of different variables, we should expect a non-random distribution of burrow orientation with respect to the sea. To test that idea, 182 burrow orientations were plotted in a rose diagram, using Oriana (version 4.1) (Figure 2 ). Furthermore, burrow diameters were plotted against their inclinations to their interrelationship.
Foreshore and backshore burrow diameters differed significantly (t-test, P < 0.05), supporting the proposed null hypothesis. The mean foreshore burrow diameter was 1.79 cm and for backshore burrows, the diameter was 4.24 cm. There was a small overlap of foreshore and backshore burrow diameters in the 3-4 cm range (Table 1, Figure 3 ). Burrow diameters larger than 4 cm at the foreshore regions and smaller burrows <1 cm in diameter at the backshore region were scarce. Spatially, burrows were non-randomly oriented along NNW-SSE direction (Chi-square test,  2 = 133.09, P  0.05). The average burrow orientation was 295. Among these, 81.87% burrows were perpendicular (5) to the local shoreline with the burrow shaft oriented towards the land. Few of the burrow shafts (18.13%) were oriented towards the sea (Figure 2) .
We found burrow inclination to be highly variable (55.95  12.25). Burrow diameters showed a negative correlation (r = -0.72, P  0.01) with burrow inclinations. Burrows with an intermediate diameter (3-6 cm) showed more variation in inclinations compared to the overall trend. When the burrow diameters were very small (1-2 cm), they were nearly all close to vertical (Table 1) .
Morphologically, burrows were highly diverse and shapes varied from simple I and J to U and Y types (Figure 4) . In terms of spatial distribution across the shore, foreshore burrows were simpler in morphology and had less burrow volumes (Table 1 ). In contrast, backshore burrows were complex in form and had greater burrow volumes (Table 1) . We found that burrow volume was independent of the three-dimensional complexity; hence burrow diameter can reliably be used as a proxy of burrow volume, therefore energetics (Spearman rho = 0.66, P = 0.02; Table 1 ).
At Chandipur, backshore burrow diameters were larger than those of foreshore burrows (P < 0.05). This kind of spatial variation of burrow diameter has also been reported by other works on the Ocypode crab burrows (e.g. refs 5, 8, 9, 11, 13) . Burrow diameters are correlated with crab carapace lengths 5, 7, 28 , simply because larger crabs reside in larger burrows (but see ref. 32 for another view). Larger, consequently older crabs may also prefer to live in the backshore merely to avoid competition with younger crabs 13 . However, we found a significant number of foreshore Ocypode burrows with diameters >3 cm and also some smaller burrows with diameter <2 cm on the backshore. These may indicate migration of crabs in response to tidal activity. Our study was conducted during a neap tidal time, which could be a potential reason for this observation.
The variation in three-dimensional burrow morphology has been reported for a number of ghost crab species 2, 8, 9, 11, 13 . These studies showed that the burrows made by the juveniles were either I, J or U shaped, whereas those of the adults showed greater variability including Y and spiral configurations 8, 9, 11, 29 . Now, if juveniles reside inside I, J or U burrows, they could simply construct larger burrows of same morphologies when they become Figure 3 . Variation in burrow diameter shows that the foreshore burrow is always smaller than the backshore burrow, although there is considerable number of medium-sized burrows both in the backshore and in the foreshore. Table 1. adults, instead of making more complex Y burrows in their late ontogeny. There are many biological and environmental explanations of this kind of spatial variation in burrow morphology, although the actual reason still remains controversial 8 . It has been proposed that crabs construct Y-shaped branched burrows where the branch acts as 'back door' in case of burrow collapse during rising tide or to escape from predators 8, 10, 13 . However, if predation was the only reason, we should have found Y burrows more preferentially at the foreshore region where burrows are shallo wer and therefore within the reach of predators (e.g. birds). Moreover, backshore burrows should never be Y-shaped, as the predators can never get access to a resident living inside these larger and deeper burrows. In a similar argument, branches are also not meant to escape during burrow collapse, as most branches remain blind and not open to the surface 8 . This does not indicate that escape from burrow collapse has no role to play in burrow branching, but other factors play a greater role behind this. It has been seen in previous studies that, during low tides, crabs initiate burrowing with simpler I forms and gradually modify the shape of the burrow into complex forms (J, Y, U) while extending them downwards 10, 11, 29 . Here, we add another plausible explanation in favour of more frequent Y burrows at the backshore region: Y-shaped burrows may form when a newly excavated J or I burrow is connected to an existing I or J burrow simply because burrows at the backshore do not get destroyed as easily as foreshore burrows, under the influence of rising tide. More experimental and observational data are required to testify these hypotheses.
However, one pattern prevailing is that, burrow depth was highest farthest from the sea 5, 12, 30 (Table 1) . As discussed above, these deeper burrows are not excavated simply to avoid predation. Moreover, unless extremely required, there is no point in wasting important metabolic energy to excavate such deeper burrows. It has been proposed that smaller crabs residing at the foreshore have small gills and need to renew water for respiration frequently 12 . For this reason, they make temporary smaller and shallower burrows, so that they can simply abandon them and can return to the sea for recharge of respiratory water 8, 13 . In contrast, larger crabs with bigger gills make more permanent, deeper and larger burrows. However, while the depth is not random, it has been proposed that they excavate larger and deeper burrows to reach the groundwater level in order to minimize the risk of desiccation 8, 13, 29, 31 . It is in fact found that, the surrounding sediment temperature decreases drastically from the surface at the burrow opening to the deeper parts of the burrow that have more moisture suggesting the above mentioned hypothesis.
At Chandipur, burrows showed shoreline perpendicular orientation. Preferred orientation for burrows is explained differently for different organisms (e.g. chemical cues and the position of the sun for Ocypode crabs 32 ; and magnetic sensitivity, for spiny lobsters 33 ). Chakrabarti 13 , reported near perpendicular-to-shore burrow orientations of Ocypode crabs in two study locations at Gopalpur, but orientation oblique to the shoreline in another location. He suggested that the wind direction influenced the orientation of burrows. However, we found no correlation between the north-south regional wind direction and the burrow orientations (Figure 2) , suggesting that burrow orientations are independent of the prevalent wind direction. Instead, we found that the typical orientation may be related to the direction of the approaching sea water. If the burrows are perpendicular to the shoreline and oriented opposite to the sea direction, sea water can have a less destructive effect on the burrows. In such settings, wave speed will be dampened while water glides along the burrow slope. If the burrow orientation would have been in any other direction (i.e. towards the sea), the wave would have directly hit the opposite burrow wall and made it unstable. If the burrows are oriented towards the sea at an angle , that shortens the effective distance (defined as the distance where sea water first hits the burrow wall) (Figure 5 a) . Let us say, if the burrow diameter is d, and inclination is , dh height fall of water in the vertical direction will lower the horizontal distance by dh tan. Hence the effective distance becomes (d -dh tan ), which is less than d (as dh tan > 0). Due to shortening of effective distance, sea water can hit the burrow wall quickly and an impact of the water body with the burrow wall can cause maximum damage. On the other hand, when burrows are oriented towards the land, the effective distance will be (d + dh tan ). Less is the , more is the effective distance, and the time of impact with the burrow wall is also increased. This dampens the velocity of water, and the impact is not of high magnitude, with the burrows being in a much stable position than the previous case.
Another potential reason behind this preferential orientation involves sloping of the sides of the excavation to the angle of repose. The angle of repose is a good gauge for estimating the angle of shear planes in the sediment profile. Shear planes are the lines through which the unexcavated sediment forming the excavation walls may break. The angle of repose for dry sand is 34 and the same measures 45 in case of sand with a small addition of water in it. When a certain degree of water is present in sand, then it acts like a plastic substance and the degree of plasticity depends upon the relative amount of water and sand 34 . Besides the small addition of water in sand being able to bridge the gaps between grains, the resulting electrostatic attraction of water between grains increases the angle of repose. Since the burrows are devoid of any lining in muddy sediment, compaction of the walls serve a similar action in case of clay-rich sediment in foreshore region. As proposed by a study 35 , crabs cannot maintain larger burrows with greater burrow diameters in soft, fluid-rich sediment, because of the high probability of burrow collapse (also, ref. 36) . This view supports the idea of making a small burrow in the foreshore region. As the tide rises, seawater percolates through and wets the highly porous siliciclastic sand. If burrows were oriented seaward side, the weight of wet sand will be on the burrow. On the other hand, orienting opposite to the sea, relatively drier sand can provide better stability because of its lesser weight than that of wet sand (Figure 5 a) . This type of control of the nature of sediments and associated fluids on burrow stability and therefore the distribution and size, suggests that abiotic factors can significantly influence burrow morphologies 16, 17, [35] [36] [37] [38] . Finally, along with these abiotic controls, the morphology of burrows can also be controlled by crab energetics: larger crabs need to dig larger burrows; so they have to excavate more volume of sediment. If it was done vertically, to excavate a certain volume of sediment of mass m would require mg (g is the gravitational acceleration) amount of force. Instead of digging it vertically, if the process of excavation is done at an inclined angle, for the same amount of sediment, the force required is mg sin ( being the angle of inclination measured in the field), which is energetically more viable for the organism (Figure 5 b) . That is another reason why larger the burrow volume, lower is the inclination value. In comparison, to optimize energy, smaller crabs would have also dug inclined burrows. However, smaller burrows are mostly vertical. The reason for such discrepancy is probably the material property of the excavated sand. We have already discussed that smaller burrows are mostly located near the foreshore, where the sediment (a mixture of sand and mud) is watery and heavy. To make a longer burrow in this region, where the sediment is watery and highly cohesive in nature, younger crabs need more energy to excavate a long burrow. Inclined burrow in this heavier sand is more prone to collapse because of its own weight. Moreover, because the foreshore burrows are small in diameter, if they become more inclined, there are chances that they may be exposed to the wave erosion at the foreshore. For all these reasons, both energetic and environmental, foreshore dwellers make vertical burrows. These results indicate that energetics is the primary reason for burrow inclination.
Based on this study, the following conclusions could be made: (1) burrow diameters are negatively correlated to inclination and diameter increased towards the backshore region; (2) backshore large-diameter burrows are deeper so that the groundwater level could be reached to minimize chances of desiccation; (3) burrow morphology is independent of location and burrow diameter; (4) burrow inclination is independent of wind direction but strongly correlated with the direction of the upcoming tide, because inclination and burrow diameter together influence burrow stability; and (5) inclination of the burrow also depends upon crab energetics, i.e. the total amount of energy invested to excavate sediments during burrow construction. All these suggest that different types of abiotic factors like sediment, approaching water level, groundwater and energetics determine the Ocypode burrow morphology 13 . However, detailed, species-specific studies, probably laboratory simulations using angle and orientations as a control of burrow morphology, are always required to identify the pattern of variation in burrow morphologies across different species at different biogeographic locations.
Upon identifying the generalized pattern, these details can be used in ecological and palaeontological reconstructions 2, 39, 40 . For example, one study 9 has given a detailed review of how these biological traces could be used to identify paleoshorelines and shore-facies in the geological record. Moreover, systematic study of the distribution of these burrows could be used as a proxy to global sea level change 9, 39, 41, 42 . More details of the usefulness of this ichnotaxa can be found in ref. 43 . However, the study of these coastal ichnotaxa from different parts of the world is essential to identify spatial and species-specific variation in behavioural patterns of these ocypodid crabs so that the result can be used in palaeontological studies.
